The MET tyrosine kinase receptor is a high-affinity receptor for hepatocyte growth factor/scatter factor (HGF/SF). HGF/SF-MET system is necessary for embryonic development, and aberrant MET signalling favours tumorigenesis and metastasis. MET is a prototype of tyrosine kinase receptor, which is able to counteract apoptosis through the initiation of a survival signal involving notably the PI3K-Akt pathway. Paradoxically, the MET receptor is also able to promote apoptosis when activated by HGF/SF or independently of ligand stimulation. The molecular mechanisms underlying this uncommon response have been recently investigated and revealed dual antiapoptotic or proapoptotic property of MET according to the cell type or stress conditions. Although the involvement of MET in the regulation of integrated biological responses mostly took into account its efficient antiapoptotic function, its proapoptotic responses could also be important for regulation of the survival/apoptosis balance and play a role during the development or tumour progression.
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The MET tyrosine kinase receptor is a high-affinity receptor for hepatocyte growth factor/scatter factor (HGF/SF). HGF/SF-MET system is necessary for embryonic development, and aberrant MET signalling favours tumorigenesis and metastasis. MET is a prototype of tyrosine kinase receptor, which is able to counteract apoptosis through the initiation of a survival signal involving notably the PI3K-Akt pathway. Paradoxically, the MET receptor is also able to promote apoptosis when activated by HGF/SF or independently of ligand stimulation. The molecular mechanisms underlying this uncommon response have been recently investigated and revealed dual antiapoptotic or proapoptotic property of MET according to the cell type or stress conditions. Although the involvement of MET in the regulation of integrated biological responses mostly took into account its efficient antiapoptotic function, its proapoptotic responses could also be important for regulation of the survival/apoptosis balance and play a role during the development or tumour progression. During development, survival/apoptosis balance plays a major role in morphogenesis and tissue sculpting. In a mature organism, this balance is essential for tissue homoeostasis. Conversely, resistance to apoptosis, leading to more efficient survival, is associated with tumour initiation and progression. Tyrosine kinase receptors are major actors involved in the regulation of this balance. Indeed, in response to growth factors, they initiate intracellular signals that positively regulate cell survival in concert with multiple biological responses such as differentiation, proliferation or motility.
The MET tyrosine kinase receptor and its cognate ligand hepatocyte growth factor/scatter factor (HGF/SF) are known to induce the efficient survival of many cell types submitted to various apoptotic inducers, including serum starvation, death receptor activation or genotoxic treatment (Table 1) . Interestingly, it has also been evidenced that in response to HGF/SF, or more recently independently of its ligand, the MET receptor is remarkably able to induce cell death of various cell lines (Table 1) . These opposite observations cloud over the portrait of the MET receptor as the HGF/SF-MET signalling cannot be restricted to a survival response. This dual antiapoptotic and proapoptotic property of the MET tyrosine kinase receptor is unconventional and could be involved in the differential regulation of the survival/apoptosis balance according to the cellular context.
Multiple Biological Responses Triggered by HGF/SF-MET
The MET receptor was originally identified as an oncogene, through the fusion of its intracellular kinase domain to the dimerization domain of TPR.
1,2 Both the kinase activity of MET and the dimerization domain of TPR are necessary to acquire a transforming activity. MET is a tyrosine kinase receptor that consists of an exclusively extracellular a-chain and a b-chain shared between extracellular and intracellular compartments. The intracellular region of the b-chain contains a juxtamembrane, a catalytic tyrosine kinase and a C-terminal domain. 3 HGF and SF, independently discovered through their respective properties to induce the growth of hepatocyte cell cultures and scattering of epithelial cells, are indeed the same factor. [4] [5] [6] [7] HGF/SF is a disulphide-linked a-and b-chain heterodimer with homology to the proteinases of the plasminogen family. It mediates multiple biological responses by activation of its cognate tyrosine kinase receptor MET.
The biological functions of MET and HGF/SF have been specially evaluated in genetically modified mice. Targeted disruption of either the hgf/sf or the met locus leads to middlestage embryonic lethality, demonstrating their essential role in embryogenesis. These mutant mice display notable defects in placental development, severe size reduction of the liver, absence of limb muscle and defects in limb innervations by motor and sensory neurons. [8] [9] [10] [11] These phenotypes corroborate with the pattern of HGF/SF and MET expression during development.
Strong evidence from genetically modified mice depicts MET as a survival receptor. Indeed, strong size reduction of the liver observed in HGF/SF-and MET-deficient mice results from hepatocyte apoptosis. [8] [9] [10] In addition, although disruption of the MET receptor in adult liver using Cre/loxP-mediated gene targeting was not detrimental to hepatocyte functions under physiological conditions, their adaptive responses to injury were dramatically affected. Indeed, hepatocytes derived from MET-deficient mice were hypersensitive to Fas-induced apoptosis 12 , and regeneration of the liver was impaired after partial hepatectomy. 13 Inversely, transgenic expression in the liver of constitutively active MET, which consists of intracellular kinase domain of the receptor, renders hepatocytes resistant to Fas-induced apoptosis.
14 This demonstrates that HGF/SF signalling is crucial for hepatocyte survival both during embryonic development and in adult.
Upon HGF/SF binding, the MET receptor is dimerized and its tyrosine kinase activity stimulated by autophosphorylation of the receptor. 15 Two phosphotyrosine residues located in the non catalytic C-terminal tail of the receptor have been identified as multifunctional docking site able to interact with several cytoplasmic signal transducers. 16, 17 Genetic analyses confirmed the crucial involvement of this multifunctional binding site as knock-in mice expressing the MET receptor, in which these two tyrosine residues have been mutated, recapitulate the phenotype observed in the knockout mutants. 18 In addition, engineering of knock-in mice, expressing various mutated MET receptors able to recruit a restricted panel of signalling proteins, displays specific defects, demonstrating that the recruitment of specific signalling molecules is essential for proper biological responses during development. 19 The biological responses induced by the couple HGF/SF-MET were also evaluated on cell cultures. Mostly, these responses corroborate with the phenotype observed in genetically modified mice. Indeed, the ligand-activated MET stimulates proliferation, scattering, invasion, morphogenesis and survival of epithelial cells, acts Apoptosis by HGF/SF
Cell type References
Liver and lung myofibroblasts 60, 61 Mouse sarcoma cell lines Sarcoma-180 and Meth A 42, 43, 45, [62] [63] [64] [65] Transformed rat liver epithelial cell lines 66 Mouse hepatocarcinoma cell lines Hepa 1 and Hepa 1-6 67, 68 Human hepatoblastoma cell line HepG2 69, 70 Ovarian carcinoma cells 71, 72 (HGF and Paclitaxel or Cisplatin) Human breast carcinoma cells lines MCF-7 and MDA-MB-231 70 The HGF/SF induces efficient survival of many cell types against various stress conditions or apoptotic inducer. In contrast, in other cell lines, HGF/SF stimulation induces apoptotic cell death, illustrating opposite properties of HGF/SF-MET according to the cell type
The shadow of death on MET D Tulasne and B Foveau as an angiogenic factor and displays chemoattractant and neurotrophic activities.
Survival Signalling Induced by Ligand-Activated MET
Many studies searched to uncover which signalling is involved in the survival response triggered by HGF/SF-MET. Consistent with results obtained with other tyrosine kinase receptors, PI3K-Akt signalling plays a central role in the antiapoptotic responses induced by activated MET in numerous cell types and in response to various apoptotic inducers.
20-27
The MET receptor is able to recruit PI3K directly through the two phosphorylated tyrosine residues of the C-terminal multisubstrate docking site 16 or indirectly through GAB1. 28 The GAB1 adaptor is also recruited by the C-terminal docking site and, as a consequence, is able to recruit signalling proteins through phosphorylated tyrosine residues. The PI3K pathway is involved in several biological responses mediated by activated MET, including morphogenesis and survival. Interestingly, it has been shown that GAB1 regulates orientation of PI3K to these different responses. In particular, the overexpression of GAB1 inhibits survival in response to HGF/SF concomitantly to inhibition of sustained activation of Akt, 28 whereas it promotes morphogenesis induced by HGF/ SF-MET. 29, 30 This suggests that survival response triggered by HGF/SF is favoured by the direct binding of PI3K to MET, which leads to sustained activation of Akt, whereas its recruitment to GAB1 orients the response to morphogenesis. Furthermore, the involvement of the RAS-ERK signalling pathway in HGF/SF-dependent survival has also been evidenced in several cell types. However, in most cases, the PI3K-Akt signalling is also implicated, suggesting a cooperation of both pathways to promote survival. [31] [32] [33] The apoptotic process is notably regulated by proteins of the Bcl family, which are involved in cytochrome c release from mitochondria, and formation of the apoptosome, leading to activation of caspase-9. In many studies, survival responses induced by HGF/SF were correlated with an increased expression of the antiapoptotic Bcl-xL and Bcl-2 proteins, which inhibit mitochondrial-dependent apoptosis. [34] [35] [36] [37] [38] Moreover, HGF/SF induced gene expression of the antiapoptotic factor TRAF-2 and cIAP, which are then involved in the HGF/SF-dependent survival response. This regulation involves the transcription factor NF-kB, and the initial activation of PI3K-Akt signalling. 39 Furthermore, in response to HGF/SF, the serine-threonine kinase Akt activated downstream of PI3K phosphorylates the proapoptotic protein BAD, leading to its inactivation and thereby preventing apoptosis. 40 Interestingly, the HGF/SF survival response mediated by BclxL and Bcl-2 expression requires several hours of stimulation before stress induction to allow gene expression. In contrast, survival mediated through BAD phosphorylation is a more dynamic survival process as it does not require pre-stimulation by HGF/SF 40 ( Figure 1 ). It has recently been shown that survival response induced by PI3K-Akt pathway downstream of MET also acts through regulation of p53 activity. Indeed, in primary embryonic hepatocytes and during mouse liver development, HGF/SF regulates transcription of p53 inhibitor MDM2 resulting in cell survival. 41 The Dark Side of HGF/SF: Mechanisms of HGF-Induced Apoptosis
Despite the survival role of HGF/SF largely depicted previously, it has been established that it can mediate cytotoxicity and induce cell death of various cell lines. Indeed, HGF/SF was first described as a cytotoxic factor, through its antiproliferative property in different tumour cell lines, with the discovery of a fibroblast-derived tumour cytotoxic factor (F-TCF) identified as the human HGF [42] [43] [44] [45] (Table 1) . These results were confirmed in other carcinoma cells where HGF/SF can inhibit tumour cell growth both in vitro and in vivo. 73 The antiproliferative effect of HGF/SF on transformed cells was explained as a combination between an apoptotic and a cytostatic mechanism. 66 Proapoptotic property of HGF/SF is also associated to cell state as HGF/SF was shown to induce death of rat ovarian surface epithelial cells when extracellular matrix or intercellular contacts were disrupted. 74 Cell death induced by HGF/SF seems to be related to apoptosis as HGF/SF induced caspase-3 activation in Sarcoma-180 cells and induced apoptosis through extrinsic pathway involving caspase-8, cleavage of BID and cytochrome c release in HIF-1 deficient hepatocarcinoma cell lines. 62, 67 Protein kinase C, JNK1 induction, reactive oxygen species production or matrix metalloproteinase induction have also been involved in the apoptotic effect of HGF/SF in other cell lines. 60, 63, 64, 75 Interestingly, the proapoptotic property of HGF/SF has positive consequences during liver or lung regeneration after injuries. 60, 61 Liver and pulmonary fibrosis are characterized by a loss of liver and lung epithelial cells, replaced by interstitial myofibroblasts with deposit of extracellular matrix proteins. It has been shown that HGF/SF inhibited proliferation and induced apoptotic cell death of liver and pulmonary myofibroblasts, concomitantly with metalloprotease induction and extracellular matrix disappearance, which may be involved in a process of reducing fibrosis. In this model, the proapoptotic and antiapoptotic properties of HGF/SF coexist and could cooperate. Indeed, both the antiapoptotic effect of HGF/SF on hepatocytes and the proapoptotic effect of HGF/SF on liver myofibroblasts are required for a complete resolution of fibrosis in a cirrhotic liver.
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Functional Interaction of Fas and MET: an Explanation of Dual Effect on Cell Survival and Apoptosis
The upstream signalling leading to activation of apoptosis through ligand-activated MET is poorly understood. However, it has been shown that MET interacts with the death receptor Fas, which contributes to the regulation of survival/apoptosis balance. 68 Indeed, the extracellular domain of MET associates with Fas, which prevents Fas interaction to its ligand or Fas self-aggregation. The functional consequence of this interaction is an increase of the resistance to Fas-mediated cell death. In contrast, strong HGF/SF stimulation was found to liberate Fas from its interaction to MET, which sensitizes cells to FasL-mediated apoptosis. The authors proposed that the proapoptotic response to HGF/SF on some cell lines might be a consequence of Fas/MET dissociation depending on HGF concentration and FasL expression (Figure 2) . The biological relevance was tested with transgenic mice expressing the extracellular domain of MET in the liver. These mice displayed resistance to Fas-dependent hepatic apoptosis and liver failure, consequently of Fas sequestration by the MET extracellular domain. Similar MET-Fas interaction was found in endothelial HUVEC cells, which could provide resistance to apoptosis. 78 Therefore, these studies established a novel paradigm through which growth factor receptors may operate to protect cells from death receptors.
Proteolytic Remodelling of MET by Caspases
Ligand-activated MET influences the fate of the cell through activation of proapoptotic or antiapoptotic signalling. Conversely, the apoptotic process also influences the fate of MET in the absence of ligand as the receptor is a functional target of activated caspases. Following stress induction, the receptor is first cleaved at the aspartic acid 1374 (mouse sequence) within a consensual DNID caspase site located in the extreme C-terminal tail. This initial cleavage removes only five amino acids of MET but favours a second cleavage that occurs at the aspartic acid 1000 within an ESVD motif located in the juxtamembrane domain. These sequential cleavages generate a 40-kDa fragment named p40 MET. 79, 80 This fragment contains the catalytic tyrosine kinase domain of MET and is not further anchored to the membrane. p40 MET is generated under apoptotic conditions in various MET-expressing cell lines and primary embryonic hepatocytes and cortical neurons. Importantly, these cleavages do not inactivate the receptor but convert it to a proapoptotic factor as ectopic expression of p40 MET induced cell death concomitantly with activation of caspase-3. 79 In addition, the mutation of the C-terminal caspase site, which inhibits generation of the p40 MET proapoptotic fragment, prevents cell death induced by mild stress conditions. 80 Therefore, caspase-dependent cleavage of MET converts the survival receptor to a proapoptotic molecule that is involved in apoptosis amplification (Figure 3) .
The tyrosine kinase activity of p40 MET is essential for its proapoptotic biological property. Although this observation is surprising, MET activity is not restricted to survival response as ligand-activated receptor is also able to induce apoptosis. This suggests that the catalytic activity of MET is oriented differently to survival or cell death not only according to the cell type but also according to caspase-dependent cleavage.
Although many caspase substrates are cleaved at several sites, 81 the hierarchical organization of these cleavages is poorly defined. The RasGAP protein is cleaved at several sites by caspase-3, with the first cleavage occurring early during the apoptotic process and thus favouring the second one. 82, 83 The first cleavage allows the generation of an antiapoptotic fragment, whereas the second cleavage converts it to smaller proapoptotic fragments, supporting the model in which RasGAP functions as a sensor of caspase activity to determine whether a cell will survive or not. 84 In the case of MET, its sequential cleavages lead to the generation of an initial shortened MET molecule, cleaved only in its C-terminal region. Although, following this first cleavage, the juxtamembrane cleavage leads to the generation of p40 MET, the shortened MET receptor becomes the predominantly expressed form of MET at the membrane during apoptosis. 80 This shortened MET receptor could acquire specific functions that could also be involved in the regulation of the survival/apoptosis balance mediated by the MET tyrosine kinase receptor.
Is MET on the Way to Dependence?
The proapoptotic function mediated by the MET receptor in the absence of its ligand, which contrasts with its antiapoptotic function in response to HGF/SF, is the hallmark of the emerging family of dependence receptors. Indeed, while a receptor is considered as inactive until bound by its ligand, it has been shown that some of them are able to induce cell death in the absence of the ligand. Therefore, the expression of these receptors leads to a dependence towards their ligand for cell survival (see Bredesen et al 85 ) . This mechanism has been well described, for instance, for DCC, UNC5H, Patched or p75NTR. This mechanism allows a better understanding of biological processes, in which a survival soluble factor and its transmembrane receptor are involved in the regulation of survival/apoptosis balance.
It can be speculated that, during development, a state of dependence created by MET towards its ligand will occur with physiological consequences. For instance, HGF/SF and MET are involved in innervation of the limb muscles, with MET being expressed by spinal motor neurons and HGF/SF in the limb bud. It has been demonstrated that the complementary expression of the receptor and its ligand is involved in the guidance of the motor neurons from the neural tube to the limb bud. 11, 86 In this case, the proapoptotic property of MET could create a state of dependence on HGF/SF involved in the correct innervations of the limb. The future challenge will be to unravel the physiological relevance of the proapoptotic responses induced by the caspase-dependent fragment of MET, especially during development.
Several tyrosine kinase receptors, including RET, ALK, EGFR and ErbB2, are also cleaved by caspases during the apoptotic process, and for most of them the generated fragments are able to induce apoptosis. [87] [88] [89] [90] In addition, it has been demonstrated that full-length RET and ALK receptors display proapoptotic properties in the absence of their ligand and upon caspase processing. These receptors are then considered as potential dependence receptors that could also be involved in the regulation of apoptosis in a physiological context.
MET, Apoptosis and Cancer
In numerous tumours, HGF/SF and/or MET are overexpressed, thereby leading to constitutive activation of MET signalling. 91 Moreover, the activating mutations of MET have been identified in a hereditary form of papillary renal carcinoma, which directly implicates MET in human cancer. 92 Transgenic mice expressing HGF/SF or MET, or knock-in mice expressing MET receptor carrying activating mutations observed in human cancer, developed various types of tumours. [93] [94] [95] Indeed, inappropriate MET signalling can Figure 3 MET is a functional target of caspases. In absence of ligand and upon stress induction, MET is sequentially cleaved by caspases. The first cleavage occurs at the aspartic acid 1374 of the C-terminal tail, leading to generation of a shortened receptor. This cleavage favours a second one at the aspartic acid 1000 of the juxtamembrane region, leading to the generation of a 40 kDa fragment named p40 MET. This fragment displays proapoptotic activity involved in cell death amplification
The shadow of death on MET D Tulasne and B Foveau induce proliferation, invasion and angiogenesis, the so-called invasive growth that contributes to malignant growth. 96 In addition to invasive growth, the tumour progression depends on impaired programmed cell death. In this line, the survival responses induced by the activated receptor are engaged in the MET-dependent transformation. Indeed, cells expressing the activated mutant forms of MET found in human cancer are more resistant to apoptosis. 97 Conversely, in MET-dependent transformed cells, the silencing of the receptor induced apoptotic cell death and reduction of tumour growth. 98, 99 The mechanism of dependence through caspase cleavages can have important consequences on tumour progression. For instance, expression of netrin-1, the ligand of the dependence receptor DCC, in the digestive tract of mice favours development of cancer in this tissue. In this case, it is possible that the DCC receptor, incorrectly activated by its ligand, does not promote apoptosis, thereby creating a favourable situation for malignant transformation. Similarly, caspase cleavages of MET in the absence of ligand, could favour apoptosis and prevent tumour formation. Inversely, the loss of the proapoptotic property of MET, for instance following aberrant expression of the ligand could promote tumorigenesis. In this hypothesis, HGF/SF-MET-dependent tumour formation would not be exclusively dependent on positive responses such as invasive growth or survival but could also be a consequence of loss of negative responses such as apoptosis.
Potential therapeutic strategies aiming at inhibiting aberrant MET signalling are extensively explored. For instance, ligand/ receptor binding can be inhibited by subregions of HGF/SF or MET, acting as antagonists or decoys. Anti-MET or anti-HGF neutralizing antibodies can prevent MET stimulation by its ligand. Furthermore, MET activity can be prevented by small molecule inhibitors or dominant negative forms of MET, which target the catalytic activity of the receptor. MET can also be inhibited at the level of its expression using specific siRNA or ribozyme (see Zhang et al 100 ). The goal of all these strategies is to target MET signalling, which is in most cell types involved in invasive growth and antiapoptotic responses. However, in some transformed cell lines, ligand-activated MET induced apoptosis, suggesting that in these cases activation of MET signalling would prevent malignant transformation. Interestingly, it has been shown that HGF/SF increased ovarian carcinoma cell sensitivity to apoptosis and tumour regression in mice, induced by paclitaxel and cisplatin, the two front-line anticancer agents used in ovarian cancer therapy. 71, 72 HGF/SF was then proposed to be used to improve response to chemotherapy in a set of human ovarian carcinomas expressing MET. Therefore, according to proapoptotic or antiapoptotic responses triggered by ligand-activated MET in targeted tumours, adaptive strategies could be considered: either inhibition of MET signalling when invasive growth and survival are induced, or inversely activation of MET signalling by HGF/SF when apoptotic responses are induced.
